The article describes the results of thermodynamic and kinetic parameters determination of benzene with ethylene alkylation reactions in the presence of liquid-phase catalyst. During the process a list of reactions was considered, activation energy and reaction rate constants are determined. These parameters were used as the basis for the mathematical model development in benzene with ethylene alkylation.
Introduction
One of the most dynamically developing areas of petrochemical industry is the ethylbenzene production (EB), which is widely used as an intermediate in styrene production, the raw material for polystyrene, ABS -plastic and synthetic rubber productions. Usually ethylbenzene is prepared by benzene with ethylene alkylation and a small amount of ethylbenzene can be obtained by C 8 aromatic hydrocarbons superfractionating. The alkylation reaction can occur in both liquid and gas phases [1] [2] [3] [4] [5] [6] [7] .
In Russia, the total production capacity of EB is 849 000 tons per year, which in turn is 2.4% of the world capacity. Given the growth in demand for polystyrene and styrene-butadiene rubber, in the next few years EB production will continue growing by 5-7% per year [8] .
The purpose of this work is to define thermodynamic parameters and kinetics of benzene with ethylene alkylation using liquid-phase catalyst and to develope mathematical model of alkylation unit for one of the Russian petrochemical plants.
Study subject
The most important step in mathematical model development of alkylation is to define a list of possible process reaction, as well as consideration of physical and chemical laws (kinetic and thermodynamic) of reactions occurrence. The calculations accuracy, the mathematical model adequacy of the real process, the complexity of mathematical description and computer realization largely depend on the degree of chemical reactions specification [9] [10] [11] [12] [13] .
The list of reactions was compiled on the base of component composition of the input and output streams in alkylator. The used data are the results of the reactor block monitoring at one of the Russian petrochemical plants. The list of reactions is shown in Table 1 . Table 2 shows the component composition of input and output streams in the alkylator. Table 1 . The list of reactions in alkylation.
For the most of hydrocarbons in this process thermodynamic properties are not defined in literature data. So it made necessary to determine the thermodynamic characteristics of alkylation reactions using quantum chemistry methods. 
Methodology
The considered process of benzene with ethylene alkylation is carried out in the presence of Lewis acids. It is known that the alkylation of olefin occurs through the catalyst activation, after which the activated complex is reacted with benzene and alkylbenzenes [14, 15] .
The proposed mechanism involves 4 stages (for example, the target reaction): 1. Interaction of ethylene with hydrogen chloride, resulting in ethyl chloride formation, which readily disintegrates into ions: Numerical studies have been conducted using the method of Semi-empirical, based on NDDO (Neglecting of Diatomic Overlap) approximation at PM3 level using Gaussian software [16, 17] . Modern semi-empirical methods do not require large computing resources and often give satisfactory accuracy in the description of valence interactions.
Since the reaction proceeds in liquid phase, so solvation effect was considered. The benzene was considered as solvent and initial optimum benzene: ethylene ratio is (8-14): 1.
The calculations were made taking into account the process conditions: temperature is 393 K, pressure is 1 atm., catalyst is AlCl 3 .
Each stage of these reactions corresponds to transition state. Transition states were determined QST2 method at B3LYP/6-31++G(d,p) and LSDA/6-31++G(d,p) levels.
Results and discussion
At the first stage of thermodynamic calculation optimization of all reactants and products was performed, at each stage of each reaction oscillation frequencies, enthalpy, entropy and Gibbs energy were defined [13] . Obtained data (enthalpy, entropy and Gibbs energy) are performed in Table 3 . In Figure 1 energy profile of the main reaction is performed. It confirms that the limiting step is the third stage of transition state; each chemical element corresponds to sphere color: white -hydrogen, gray -carbon, greenchlorine, orange -aluminum. Similarly, the thermodynamic parameters of transition state of by-alkylation reactions were determined. As a result of study numerical thermodynamic parameters [19] and kinetics of benzene with ethylene alkylation in the presence of aluminum chloride were determined. On the basis of defined Gibbs free energy values for the given list of reactions it can be concluded that the considered reactions are thermodynamically possible. For the target reaction value of enthalpy is -114.13 kJ / mol, entropy is -128.48 kJ / (mol•K) and Gibbs energy is -70.06 kJ / mol. The activation energy and reaction rate constants of the process are performed in Table 4 . From Table 4 the result of rate constants evaluation for the each reaction and considering the raw composition (Table 2 ) it can be concluded that the largest contribution for the product formation is made by the target alkylation reaction (1) . By-products (PAB) formation is significantly lower, which is confirmed by the given constants in Table  4 .
Conclusion
The quantum-chemical modeling using the semi-empirical method based on NDDO (Neglecting of Diatomic Overlap) approximation at PM3 level allowed to obtain enthalpy, entropy and Gibbs energy. As a result the kinetic parameters of each stage of benzene with ethylene alkylation were determined. These values were used in mathematical model development.
